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ABSTRACT
An experimental program was conducted to evaluate and select materials
for ball bearings intended for use in liquid fluorine and/or FLOX. The ability
of three different ball-separator materials, each containing nickel, to form
and transfer a nickel fluoride film to provide effective lubrication at the
required areas of a ball bearing operating in liquid fluorine was evaluated.
In addition, solid lubrication of a ball bearing operating in liquid fluorine
by either a fused fluoride coating applied to all surfaces of the ball separator
or by a fluoride impregnation of porous sintered material ball separators was
evaluated. Less bearing wear occurred when tests were conducted in the less
reactive FLOX. Bearings fabricated from any of the materials tested would have
relatively short wear lives and would require frequent replacement in a re-
usable engine.
Vlll
I. SUMMARY
The primary objective of the "Fluorine Lubricated Bearing Technology"
program was to evaluate materials for FLOX and fluorine-cooled bearings. Of
particular interest were the capability of transferring metallic fluoride films
from the cage to the ball/race contact zone, and the lubricating qualities and
load sustaining capacity of the transferred films. Tests of 15 minutes dura-
tion were conducted first in liquid fluorine using cages of HyMu 80, Rene' 41,
Berylco nickel 440, and air melt 440C bearing element surplus from another
program. Speed and axial load were varied in discrete combinations of 7,000,
14,000, 20,000 rpm and 400, 800, 1,200 pounds (1790, 3590, 5380N) for each of
the three cage materials, to result in a 27 test matrix. Wear measurements of
the cage and bearing elements were made after each test so that wear data could
be acquired as functions of speed and load. Test results were inconclusive in
that no one cage material appeared to be superior to any other. In general,
ball wear appeared to increase linearly with both load and speed up to 14,000
rpm, after which the wear rate increased rapidly.
A new bearing was designed to better optimize internal geometry and new
cages and bearings were procured. The same cage materials previously used were
included together with a Berylco nickel 440 cage coated with a 76-24 mix of
calcium difluoride and lithium fluoride. In addition, two cages of sintered
Inconel 600 were impregnated with both lithium fluoride and the calcium
difluoride lithium fluoride mix.
All six cage materials were tested in liquid fluorine at 20,000 rpm and
1,000 pounds (4448N) axial load for one hour duration. Excessive ball wear
(0.010 in. (0.25 mm)) occurred on all test specimens. To alleviate this condi-
tion, thought to result from ball speed variation (BSV), a local relief was
incorporated in the inner race to unload each ball approximately once each
revolution and thus prevent accumulative effects of BSV. This modification
proved to be ineffective and ball wear in liquid fluorine remained high.
Tests in FLOX of identical bearings with Berylco 440 nickel cages
indicated that cage wear was comparable to that experienced with liquid fluorine.
However, ball wear was only 25%. Because of a reduction in program scope, one
hour testsj>n the remaining 5 cage materials were not performed so that the
number^jf'FLOX't^sled^specimens"wtfs*~"small^compared-to~the=number^t-ested -in
liquid fluorine. However, analysis of wear data variation leads to the con-
clusion that the results are real and not caused by sample size. Since the
mechanical aspects of the tests were maintained (i.e., load speed materials,
etc.), a real difference in "bearing lubrication" between liquid fluorine and
FLOX is presumed to exist. The exact mechanism is unknown but is believed to
be a function of chemical reactivity between the test fluid and the bearing/
cage materials; specifically, the rate of formation of iron difluoride (FeF2).
The combination of inner race ball spin and surface compressive stress (SV)
may remove the fluoride film as fast as it is formed so that the ball race wear
rate is smaller in the less reactive FLOX. The wear rate in either fluid is
considered to be larger than could be tolerated for bearings used in a liquid
fluorine engine turbopump.
II. INTRODUCTION
The purpose of this program was to conduct an experimental evaluation of
several candidate cage materials operating with 50 mm (210) ball bearings in
both liquid fluorine and 82.6% FLOX. The lubricating characteristics of the
fluoride films formed by the reaction of the cage materials with fluorine and
FLOX was assessed. The transfer of these films from the cage to the ball-race
contact zone and their effect on bearing load capacity and wear also was
evaluated. The program established design criteria and material data required
for future space storable engines utilizing liquid fluorine or FLOX as oxidizer.
The program comprised a five-task effort, as follows:
Task I - Material Evaluation
Design, fabrication, and evaluation of ball separators of three
high nickel content materials: Berylco Nickel 440, HyMu 80, and
Rene' 41. Existing 440c ball bearing rings and balls were used
in these evaluation tests.
Task II - Bearing Design
Design of a ball bearing with internal geometry optimized for a
sustained mean Hertz stress of 250,000 psi (1.724 x 109 N/m2) and
a DN value of 1.0 x 10^ . Design of ball separators for this bearing.
Task III - Bearing Fabrication
Fabrication of the Task II ball bearing and ball separator designs.
The balls and races were fabricated from CEVM 440c. The ball
separators were fabricated from the following six materials:
HyMu 80 (annealed)
Rene1 41 (annealed)
Berylco Nickel 440 (annealed)
Berylco Nickel 440 with a fused coating of a mixture
of 76% calcium fluoride and 24% lithium fluoride
Sintered Inco 600, 40% porosity, and impregnated with
lithium fluoride
Sintered Inco 600, 40% porosity and impregnated with a
mixture of 76% calcium fluoride and 24% lithium fluoride.
II, Introduction (cont.)
Task IV - One-Hour Bearing Evaluation Tests in Liquid Fluorine
Ball bearings fabricated under Task III were subjected to tests
of one-hour duration in fluorine at 20,000 rpm and an axial load
of 1000 Ib (4448N). Comparative tests were conducted on each of
the six ball separator materials.
Task V -.One-Hour Bearing Evaluation Tests in Flox
Ball bearings fabricated under Task III with selected ball separator
materials were subjected to the Task IV test conditions, except
the test fluid was 83.6% FLOX.
At the onset of this program there was little specific information that
could be used in establishing criteria for materials for high-speed, high-load,
fluorine-lubricated bearings. However, such useful information as could be
found was applied in selecting the candidate bearing materials. Some of the
previously completed investigations considered pertinent to this program are
briefly summarized below:
The fluorine-lubricated bearing tests by Bell Aerosystems in the
"Chariot" Program (Ref 1) were conducted at DN values and loads considerably
lower than those on this program. The DN values were 0.25 x 106, axial loads
were 60 Ib (222N), and radial loads were 136 Ib (605N). However, the tests
were conducted for appreciable durations (276 to 2520 sec). In eight success-
ful tests 205 size (25 mm bore) ball bearings were used with AISI 440c races
and balls and two-piece riveted S Monel cages. These tests provided baseline
bearing data and justified the selection of AISI 440c for races and balls for
this program's ball separator material evaluation tests.
Many studies have been performed to determine the compatibility of
various metals with fluorine. Most metals show little or no sign of corrosion
when they are properly cleaned, passivated, and are not contaminated with
moisture prior to their exposure to fluorine. The stainless steels and nickel
-are-consddered-excel-lent ,for^ fluorine=service;.^ =A=series=o.f_tje.stLS=,(Ref_2_X_
conducted by NASA Lewis Research Center showed that no measurable physical
erosion, and no chemical attack occurred with nickel, stainless steel, aluminum
or grass specimens at flow velocities up to 400 fps (122 m/sec) at 14Q°R (78°K)
and pressures up to 1500 psig (1.03 x 107 N/m2).
Compatibility of polymeric materials was also investigated at NASA Lewis
Research Center (Ref 3). Both static and dynamic tests were conducted on
various polymeric materials, some of which are commonly used for nonmetallic
ball or roller separators in propellant service rolling element bearings. While
several materials survived the static tests, all either exploded or burned
II, Introduction (cont.)
slowly during the dynamic flow tests. Pure polytetrafluorethylene (PTFE) was
the most compatible non-metallic material tested; no reaction occurred until
the fluorine flow velocity was above 220 fps (67 m/sec), then the reaction was
slow burning. However, impregnates, such as glass or nickel commonly used with
PTFE bearing cages significantly lowered the flow velocity at which ignition
occurred. From the results of this investigation it was concluded that the use
of non-metallics for fluorine-lubricated bearing separators could not be justi-
fied especially since rubbing contact tests had not been conducted.
Another study (Ref 4) by NASA Lewis Research Center was concerned with
friction, wear, and dynamic sealing in liquid fluorine. In this study it was
revealed that the presence of a fluoride film was effective in reducing both
friction and wear of sliding surfaces. The naturally formed film was identi-
fied as nickel fluoride when using K-162B (titanium carbide with a nickel
binder) and aluminum oxide as the disk and rider. The fact that this film
provided effective lubrication was substantiated by comparative tests in
liquid oxygen during which the coefficient of friction was approximately 4
times and the wear of the K-162B disk was approximately 10 times that measured
in liquid fluorine. This data indicated that a possible method of providing
effective lubrication to a ball bearing operating in liquid fluorine would be
to utilize ball separators of materials with high nickel content.
III. MATERIAL EVALUATION (TASK I)
This task was comprised of three subtasks and had for its end purpose,
the preliminary evaluation of three bearing separator materials - HyMu 80,
Rene' 41, and Berylco Nickel 440. The subtasks included the design of a bearing
test head, the design of a bearing separator for use with surplus 210 size bear-
ings, and the testing of these bearings in a liquid fluorine environment.
Characteristics of the test bearings and separator (cage) are described in
Section IV, Bearing Design and Analysis (Task II), where they can be compared
directly to the features of the final bearing design. The tester, test setup,
and operating procedures have been described in detail in a separate section
(IX), since the essence of this task was to assess the relative merits of the
three materials in providing lubricating fluoride films.
A test matrix of 27 tests was conducted. Nine pairs of bearings (18
bearings) were divided into three groups, each group having two ball separators
fabricated from the three selected materials: HyMu 80, Rene' 41, and Berylco
Nickel 440. The test plan was that each group be tested at the same speeds for
the same durations: 15 min at 7000 rpm, 15 min at 14,000 rpm. and 15 min at
20,000 rpm. This, then, would result in total accrued test times of 45 min on
all bearing samples. Applied axial load was the only variable. Group 1 bear-
ings were tested at 400 Ib (1779N), group 2 bearings at 800 Ib (3558N), and
group 3 bearings at 1200 Ib (5338N). Post test inspections were performed
after each 15 min test. This inspection consisted of a microscopic examination
and dimensional and weight measurements of the individual bearing components.
Care was taken to assure that each ball was placed in the same separator pocket
on each reassembly.
Tables I, II, and III are tabulations of steady-state data for these
tests which begin with test number 10. The first nine tests (not tabulated)
were checkout tests for the tester and test setup. Liquid nitrogen was the test
fluid for the checkout tests. Tests 31, 32, and 33 were special unscheduled
tests. Since they were conducted with liquid fluorine they have been included
in this report. The reasons for conducting these tests is given in the next
paragraph. Test 42 was the last of the 27 scheduled material evaluation tests.
Some difficulties were experienced in the operation of the test rig.
The^first test~(iO); was—terminated-prematurely because^of_(apparentL,.bearing
torque fluctuations although no bearing damage was found after disassembly.
Early shutdown also was required on all three of the 800 Ib (3558N) 20,000 rpm
load tests because of a high level of vibration. Again, no bearing damage was
found.
An investigation indicated that the turbine drive assembly was the
source of the vibration. The drive was disassembled and it was found that the
hydrostatic thrust bearing had rubbed and that wear debris was trapped between
the rotating and stationary surfaces. The turbine drive was replaced with a
spare assembly and test 31, 32, and 33 were conducted. The purpose of these
tests was to determine if replacement of the drive had eliminated the vibration
problem. If the problem still existed these tests were planned to yield data
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Ill, Material Evaluation (Task I) (cont.)
which would isolate the source so that additional fixes could be made. Two
identical tests were planned. These consisted of running at a constant speed,
20,000 rpm. with 5 min of steady-state at each of five load settings (400, 600,
800, 1000, and 1200 Ib) (1779. 2670, 3558, 4448, and 5338N). Facility limita-
tions and fluorine loading required that the second of these tests be split
into two runs and therefore have a two-test number (32 and 33) identification.
Steady-state data is tabulated in Table IV. Operation was smooth during both
tests and the Task I testing was resumed.
A bearing failure occurred during the last test (42) of this series.
A seizure occurred between the Rene1 41 ball separator and the 440c outer ring
guiding land on the downstream side. The bearing was located on the load
piston side of the tester, or the upstream position with respect to the fluorine
flow. A photograph of the assembled failed bearing is shown in Figure 1.
Figure 2 shows Rene' 41 material welded to the outer ring guiding land. It was
concluded that a metal chip, probably a separator wear particle from a previous
test, became lodged between the separator and land. This chip then caused the
seizure which resulted in high torque and early shutdown. Some credence to the
chip theory was given when upon the tester overhaul wear particles were indeed
found.
The post test measurements of all the bearings from the material evalua-
tion tests are given in Section VIII,A, along with a discussion of the results.
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IV. BEARING DESIGN AND ANALYSIS (TASK II)
The design of a rolling element bearing for operation in a cryogenic
fluid requires an understanding of the significant design parameters and the
interaction of the fluid properties with the bearing design.
Rolling element bearing life, fatigue as well as wear, is a function of
the lubricating properties of the operating fluid. Effective lubrication
depends upon the existence of a separating film in the bearing zones of contact.
This separating film thickness is a function of viscosity. Since the viscosity
of a cryogenic fluid is extremely low, it can be concluded that without another
source of lubrication, metal-to-metal contact will exist. In cryogenic fluids,
other than liquid fluorine, the practice has been to use ball separators made
from materials that will provide solid lubrication. The most successful ball
separators have been fabricated from materials containing polytetrafluorethylene
(PTFE). The most common of these are Armalon (laminated glass cloth with PTFE
binder) and cast PTFE with a filler added to improve material properties. As
discussed earlier, nonmetallics can not survive in liquid fluorine at the high
(100 fps, 30 raps) ball-cage rubbing velocities. Consequently, metal ball
separators were necessary in the bearing design. Also, as discussed earlier,
these metals were selected with the theory that they would provide solid lubri-
cation in the form of metallic fluorides.
Even with some solid lubrication provided, it must be assumed that the
separating film will be very thin and some surface asperities will contact.
This metal-to-metal contact then results in relatively high tractive or tangential
surface shear stresses that are directly proportional to the normal stresses.
Results of research programs, conducted by both Tallian (Ref 5) and Skurka
(Ref 6), wherein rolling contact bearing life was investigated as a function
of the dimensionless ratio of lubricant film thickness to raceway surface
finish, seem to agree that when metal-to-metal ball-race contact exists,
fatigue life is reduced approximately 80%.
Experience has shown that wear and not fatigue establishes the usable
life of rolling element bearing operating in cryogenic fluids with metal-to-
metal contact. Since wear was of prime concern, it was desirable to minimize
ball spin and microslip in the contact zone. This was accomplished by designing
for outer race control and by incorporating a relatively open (wide) curvature
on the inner race.
A. TASK I DESIGN
The bearing for the initial cage material evaluation tests, Task I,
was not designed on this program. Existing 210 size bearing races and balls
available as surplus from another NASA contract were utilized. A new ball
separator was designed for these available bearings. All bearing elements were
manufactured from Air Melt AISI 440c. Ball separators were designed to be
fabricated from Berylco Nickel 440, HyMu 80, and Rene* 41.
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IV, A, Task I Design (cont.)
The internal geometry of this bearing design is summarized below.
Ball complement, z 12
Ball dia, d 0.50000 in. (1.27 x 10~2 m)
Race curvatures
Outer, fo 51%
Inner, fi 54%
Unmounted contact angle, g 24°
Class ABEC 5
Ball grade AFBMA 10
The following design philosophy was employed for the Task I ball
separator design.
1. The ball separator was designed to be guided on the outer
race lands. The bearing design race curvatures of 54% (fo) and 51% (fi)
results in outer race ball control. Therefore, ball spinning occurred on the
inner race and outer race guiding allowed more effective cooling of the inner
race load zone.
2. The ball separator cross-section was held to a minimum with
the requirement that full ball contact (wear ellipse) would still exist with
a wear depth up to 0.010 in. (2.54 x 10~5 m).
3. The operating clearance at the two outer race guiding lands
was 0.007 to 0.009 in. (1.78 x KT6 to 2.29 x 10~6 m). This is slightly on the
tight side of the recommended practices for conventional lubricated bearings,
which is 0.003 in. (0.76 x 10~° m) per inch (2.54 x 10~2 m) of guiding surface
diameter or in the case 0.009 in. (2.29 x 10"^  m). This clearance was selected
to provide ridged centering of the separator. It was planned to increase this
clearance if post test inspection indicated that a problem existed.
4. The ball to pocket operating clearance was 0.018 to 0.022 in.
(4.57 x 10 to 5.59 x 10~" m). This was considered a minimum clearance based
upon practical experience. This allowed material for increasing clearance if
the bearing operating dynamics, determined by post test inspection, indicated
that ball speed variations were subjecting the separator to undesirable force
couples.
5. Ball separator design for the three materials (HyMu 80,
Rene' 41, and Berylco Nickel 440) were identical.
IV, A, Task I Design (cont.)
6. A single piece design without the ball containment feature
was selected for the ball separator to facilitate post test inspection of the
wear surfaces. This design, shown in Figure 3, was possible only because the
split inner race provided natural ball containment in the assembled state
while permitting complete separability.
B. TASK II DESIGN
An analysis was conducted for the purpose of evolving an optimum
design for the internal geometry of bearings for the Task IV and Task V
bearing tests in liquid fluorine and FLOX. The following is the internal
geometry of the optimized design.
Ball complement, z 16
Ball diameter, d 0.4375 in. (1.11 x 10~2 m)
Race curvatures
Outer, fo 52%
Inner, fi 54%
Unmounted contact angle, (S 30°
Class ABEC 5
Ball grade AFBMA 10
This design was modified from the computer analysis based upon
experience as well as practical considerations not programmed into a computer.
From the computer output, it could be concluded that a 52% inner race curvature
and a 35-degree contact angle would be more desirable because both of these
changes would provide more axial load capacity. However, as illustrated on
Figures 4 and 5, heat generation increases appreciably with both of these
changes. Life decreases appreciably as inner race curvature decreases but is
insensitive to a change in contact angle. Also the combination of a 52% outer
and 54% inner will assure that ball control is maintained at the outer race.
It could also be concluded that larger balls would be desirable
based upon the computer analysis showing that load capacity increases greatly
while life becomes appreciably greater as ball diameter increases (see Figure 6)
However, both heat generation and practical considerations influenced the
selection of the 7/16-in. (1.11 x 10~2 m) diameter ball size. As can be seen
from Figure 6, heat generation increases appreciably with ball size. A
practical ball diameter for a 210 size ball bearing is in the range of 7/16-in.
to 1/2-in. (1.11 x 10~2 to 1.27 x 10~2 m). Below this range, capacity is lost
and above this range the races become too thin. Ball centrifugal force also
must be considered. Figure 7 is a plot of centrifugal force for 7/16-in.,
1/2-in., and 9/16-in. (1.11 x 10~2, 1.27 x 10'2, and 1.43 x lO"2 m) diameter
balls of 440c material as a function of inner race rotational speed.
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7/16" (.Olllm)
dia
210 Series Bearing Pitch
dia = 2.756 in. (.07m)
Contact Angle =25°
Material 440C
p = .283 Ib/in. (7.83 gm/cm )
r
0
1
25
1
50
Ball Centrifugal Force
1
0
1 1
100 200
1
300
1
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1
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1
100
1 1
500 600
Ball Centrifugal Force - Newtons
Figure 7. Centrifugal Ball Force vs Inner Race RPM
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IV, B, Task II Design (cont.)
The surface finish of the balls and races are most important in
boundary lubrication conditions because no fluid film separation can be expected
which means that surface asperities will contact. High local stresses result
under load. The true area of contact is so small that, following elastic
deformation, the material yield stress is reached and local welding occurs.
Moving one surface relative to the other shears the weld and surface wear occurs.
CEVM 440c material was specified in the design in order to minimize
nonmetallic inclusions which could react with the fluorine.
Table V compares the operating dynamics of the Task I and Task II
bearings at 20,000 rpm and 1160-lb (5160N) axial load. Note that the 0.2 B!
life is higher for the Task II bearing. The 0.2 is a life multiplier used for
operation without fluid film. This reduction factor is based upon the results
of research programs, conducted by both Tallian (Ref 5) and Skurka (Ref 6)
wherein rolling contact bearing life was investigated as a function of the
dimensionless ratio A (lubricant film thickness to raceway surface finish).
Also, the friction torque—thus the heat generation—is slightly lower for
the Task II bearing design. The ball separators for the optimized bearing
followed the same design philosophy used in Task I. The land clearance
was increased slightly to 0.008 to 0.012 in. (2.03 x 10~6 to 3.05 x 10~6 m)
to prevent cage/race interference from a wedged metallic chip as was thought to
have occurred during Phase I testing. The land width also was increased
slightly to provide a proportional increase in bearing surface to balance the
increased cage centrifugal load. The ball pocket clearance was the same,
0.018 to 0.022 in. (4.57 x 10~6 to 5.59 x 10~6 m). This design is shown in
Figure 8. Materials selected are listed below. Table VI lists some of the
mechanical properties of these materials.
1. Berylco Nickel 440 (annealed)
2. Rene' 41 (annealed)
3. HyMu 80 (annealed)
4. Berylco Nickel 440 coated with a mixture of 76% calcium
fluoride and 24% lithium fluoride
5. Sintered Inco 600, 40% porosity and impregnated with
a mixture of 76% calcium fluoride and 24% lithium fluoride
6. Sintered Inco 600, 40% porosity and impregnated with
lithium fluoride
The first three materials were ratained, since no elimination could
be made during the Task I materials evaluation testing. The fourth material
was selected on the basis of slider and bearing tests conducted by NASA at the
Lewis Research Center (Ref 7 and 4). While most of these tests were performed
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TABLE V
COMPARISON OF TASK I AND TASK II BEARING OPERATING
DYNAMICS AT 20,000 RPM AND 5160 N AXIAL LOAD
TASK I DESIGN TASK II DESIGN
Contact Angle
Outer, deg 21.4 24.7
Inner, deg 29.1 34.4
Pitch Dia, in. (cm) 2.7567 (7.0020) 2.7571 (7.0030)
Contact Load
Outer, Ib (N) 245 (1,898) 160 (1,172)
Inner, Ib (N) 199 (885.1) 128 (569.4)
Ball Centrifugal Force, Ib (N) 51.8 (230.4) 37.2 (165.5)
Mean Hertz Stress
7
Inner, psi (N/m ) 187,530 (129 x 107) 174,570 (120.4 x 107)
psi (N/mz) 130,550 (90 x 107) 144,040 (99.3 x 10')
O7)
0.2 B. Life
Outer, hr 116 52.4
Inner, hr 4.6 5.9
Bearing, hr 4.5 5.4
Gyroscopic Slip Coefficient 0.031 0.039
Ball Spin Velocity
Relative to Outer, RPM 0 0
Relative to Inner, RPM -15,936 -20,675
Ball Roll Velocity
Relative to Outer, RPM -46,604 -55,176
Relative to Inner, RPM 63,665 70,866
Ball Spin to Roll Ratio
Rel. to Inner 0.25 0.29
Ball Spin Torque
Relative to Outer, in-lb (cm-N) 1.9 (21.5) 0.79 (8.9)
Relative to Inner, in-lb (cm-N) 0.87 (9.8) 0.46 (5.2)
Ball Roll Torque
Relative to Outer, in-lb (cm-N) 0.13 (1.47) 0.039 (0.44)
Relative to Inner, in-lb (cm-N) 0.003 (0.034) 0.016 (0.18)
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TABLE V (cont.)
TASK I DESIGN TASK II DESIGN
Bearing Friction Torque, in-lb (m-N) 13.2 (149.0) 10.3 (116.5)
(Coeff. Friction (Coeff. Friction
- 0.25) - 0.25)
Ball Orbital Velocity, RIM 8,453 8,755
Ball Rotational Velocity, RPM -54,560 -63,234
Maximum SV Value
(Compressive Stress x Sliding
Velocity), psi x ft/sec, (N/m-sec) 883,490 (18.567 x 10 ) 879,180 (18.476 x 10 )
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IV, B, Task II Design (cont.)
in other environments (air, gaseous hydrogen, vacuum, and liquid sodium) and
at elevated temperatures, a few were conducted in liquid fluorine and liquid
oxygen (Ref 4). The fluoride-impregnated Inco 600 materials were selected
primarily because the existance of the lubricating fluorides would not be time
dependent on the rate of fluorine-cage reaction. Their potential adequacy as
a cage material also had been successfully demonstrated by elevated temperature
bearing tests at the Lewis Research Center (Ref 8). The composite ball sepa-
rators were inner ring riding and exhibited adequate strength even at elevated
temperatures. However, the speeds tested—2000 and 4000 rpm—were considerably
lower than the 20,000 rpm required by this program. Hoop stress for a separator
of this material was calculated to be 3080 psi (2.12 x 106 N/m2) at 20,000 rpm.
To assure adequate strength a safety factor of 2 was used and each infiltrated
blank was required to survive two 110 + 10-lb (489 + 44.5N) load tests 90° apart.
Total clearance in a ball separator (land plus ball pocket) must be
sufficient to allow for ball speed variations (BSV) which can result in high
separator loading. Without BSV the rotational speed of the separator is the
same as the ball orbit velocity.
The equation for the orbiting speed of a ball is:
n = 1/2 N [1 - (d/E) cos e±]
Where: n = ball orbital velocity, rpm
N. = inner race speed, rpm
d = ball diameter, in. (0.02254 m)
E = pitch diameter, in. (0.02254 m)
g = inner race contact angle, deg
For a perfect bearing, precisely aligned and operating under a
pure thrust load, the orbital velocity of each ball is identical and ball speed
will not vary. However, in actual practice, various bearing imperfections
exist and the applied load will include a radial component. Since d, E, and
cos BJ_ can all vary, it is obvious from the previous equation that n is not
identical for all balls and that some BSV will occur. Smaller than nominal size
balls will operate at larger than nominal contact angle and orbital speed;
larger balls will operate in a similar manner but at lower than the nominal
values of these parameters. When BSV is caused by a radial load component or
ovality of the races, each ball will advance and retard an equal amount during
one revolution. Cage-pocket-to-ball forces will, therefore, remain constant,
provided that sufficient pocket clearance has been provided. When BSV occurs
because of ball size differences, the undersize balls will advance continuously
IV, B, Task II Design (cont.)
(the oversized balls will lag) , resulting in a continuously changing index
between balls and cage pocket loading, as shown in Figure 9. Since the ball
displacements resulting from ball size variation are accumulative, and since
the cages used on this program were rigid, the balls had to skid and slide on
the races. This situation results in more ball wear and, therefore, more ball
speed variations because of differential ball wear.
Cage/ball wear caused by ball size variation in bearings under
constant thrust load cannot be alleviated simply by enlarging the ball pocket
clearance. Either the lubrication must be enhanced to reduce tractive forces
or the bearing geometry must include provisions to compensate for the accumu-
lative ball displacement. Lubrication was considered fixed by definition since
material evaluation was the intent of the program. Therefore, an inner race
local relief (an unloading chute) similar to that used in Reference 9, was
incorporated in the design. The operation of this feature, shown in Figure 10,
may be described as follows: As each ball enters the unloading chute, the
normal load (and tractive force between ball and race) is removed because of
the increased clearance at the relief. Fluid friction causes the ball to slow
down after which the back side of its cage pocket "kicks" the ball back into
orbit at a speed approximately equal to the cage velocity.
The center of the inner race relief was set at 30° (unmounted) to
agree with the mounted contact angle at 20,000 rpm with 1000 Ib (4A48N) axial
load. This load angle (g^ ) changes with ball wear due to the increased internal
clearance and is tabulated in Figure 10 as a function of the change in ball
diameter. From this tabulation it can be seen that the effectiveness of the
unloading chute would be limited to small amounts of ball wear because any
large amount of contact angle variation would allow the ball to "track" around
the relief without the interrupting effect.
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Wear from Advancing Ball
Wear from Lagging Ball
Figure 9. Cage Pocket Loading from Ball Size Differences
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0.107 (0.0027 m)
Operating Inner Race
Contact Angle vs. Ball Wear
Ad/1000
0
2
4
6
8
10
9i
34°
42°
48°
52°
56°
60°
.145 (0.0037 m
0.003 (7.1 x 10 6 m)
Ball Track = 0.07 in. (0.00178 m)
6^^ = 34° @ 1000 Ib (4448 N)
load and 20,000 RPM
Figure 10. Inner Raceway Ball Unloading Chute Configuration
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V. BEARING COMPONENT FABRICATION
Task I ball separators were fabricated from Berylco Nickel 440, HyMu 80,
and Rene1 41. Maintaining roundness of the separator outside diameter proved
to be a problem to the vendor. One rework cycle was required in order to
obtain uniform pieces. Figure 11 shows a typical talyrond inspection reading
before and after rework. Roundness of this guiding surface was controlled
more rigidly than usual so as to insure that the articles for the comparative
material evaluation program were completely uniform. Successful operation
has been reported (Ref 7) with ball separators that were as much as 0.047 in.
(11.9 x 10~^  m) out of round. Also shown on Figure 11 is a talyrond recording
of the roundness after a liquid nitrogen soak test. This soak test was per-
formed to insure that dimensional stability of the parts at cryogenic tempera-
ture. As can be seen, there was no dimensional change.
The Task II ball bearing rings and balls were fabricated from CEVM
material. In order to have pretest dimensions certified, inspection records
were a purchase order requirement. Sufficient inspection was performed to
verify the validity of these records.
No major problems were experienced in the fabrication of the Task II
ball separators. Again the vendors were required to deliver certified
inspection records. All blanks of the impregnated Inco 600 survived the
required load testing. The Berylco Nickel 440 separators that were scheduled
for the fused coating of the calcium fluoride and lithium fluoride mixture were
machined 0.002 in. (5.08 x 10"^  m) undersize on all dimensions. This coating
was applied at NASA Lewis Research Center and is reported in Reference 10.
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Before LN SE
Soak Test and Rework
OD O.K. by 0.00475
(O.K. = Out of Round)
Soak Test
OD O.R. by 0.005
After Rework
OD O.R. by 0.0002
ID O.R. by 0.003
ID Cone. W/OD to 0.001
Figure 11. Talyrond Inspection Record of Task I Separator 31
VI. ONE-HOUR BEARING EVALUATION TESTS IN LIQUID FLUORINE - TASK IV
Twenty-three tests were conducted in this task. The initial test plan
called for 18 tests. This plan consisted of three tests, each one hour in
duration, on the six ball separators fabricated in Task III. The first three
separator materials, Berylco Nickel 440, HyMu 80, and Rene1 41, were previously
evaluated in the Task I material evaluation. Steady-state data for all Task IV
tests are tabulated in Table VII. As noted in this table, 13 of the 23 tests
went the full one-hour scheduled duration. Rotative speed was 20,000 rptn for
all tests. Except for the first two tests, the applied axial load was set
at % 800 Ib (3558N) on the upstream bearing and % 1000 Ib (4448N) on the down-
stream bearing.
Increasing axial play resulting from bearing ball wear allowed the load
piston to bottom out on the bearing carrier in the first nine tests. This
resulted in the loss of all load on the upstream bearing and reduction of the
downstream bearing load from 1000 to 200 Ib (4448 to 890N). After the ninth
test, the load piston was reworked to prevent bottoming. The original design
and the rework are shown in Figure 12. This loss of load resulted in shaft
gyrations which resulted in tester shaft to labyrinth rubbing. Consequently,
the wear data from these first nine tests can not be correlated directly with
the subsequent constant load tests.
The last six tests incorporated a ball unloading chute in the inner
raceway. The unloading chute configuration was tested in an attempt to reduce
ball wear by breaking up the ball speed variations and reorienting each ball
one each orbit revolution. The unloading chute design and a more complete
discussion of the theory was given in Section IV, Bearing Design and Analysis.
Figure 10 of that section shows the configuration. Two cage materials—LiF-
impregnated Inco 600 and Berylco Nickel 440—were selected for these six tests.
The LiF-impregnated Inco 600 was selected since ball wear was less with this
material during previous testing (fy 0.004 in. (1.02 x 10~^  m) as compared to
% 0.008 in. (2.04 x 10~4 m) with other materials). The Berylco Nickel 440 was
selected to provide two data samples for comparison with the results of the
one-hour tests without unloading chutes. Two LiF-impregnated ball separators
failed during these tests. The failures consisted of a single axial fracture
across one ball pocket. These occurred in Test 22 after 35 minutes and in
Test 25 after 55 minutes of the scheduled one-hour duration. Figure 13 is a
photograph of the failed separator from Test 22. In both cases, increased
torque in the bearing caused the speed to drop and the bearing temperature to
rise. The testing device was shut down without further bearing damage.
Another test with LiF-impregnated ball separators and ball unloading chutes
(Test 26) went the hour duration without incident. It was concluded that
material strength might have been borderline with respect to the repetitive
shock loads it was subjected to with the ball unloading chute. The ball
unloading chute did not reduce ball wear and the plan to test this configura-
tion in FLOX was dropped.
Posttest inspection measurements from all Task IV tests are given in
Section IX, Data Analysis, along with a discussion of the test results.
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VII. ONE-HOUR BEARING EVALUATION TESTS IN FLOX - TASK V
The initial test plan for this task was programmed as a duplicate of
Task IV except that FLOX in place of liquid fluorine was the test fluid. A
total of eighteen one-hour tests were scheduled on three specimens each of six
separator materials. During Task IV, several tester related problems and the
design of a bearing modification to minimize wear resulted in unplanned
expenses and, consequently, a reduction in scope.
Under the reduced scope program two materials, LiF impregnated INCO 600
and Berylco Nickel 440 were evaluated in three tests at 20,000 rpm and 800
pounds (3590N) load. The bearings used in this task were as originally
designed and did not include the unloading chute. The first test, using the
INCO 600 LiF impregnated cage, was aborted after 10 minutes of run time because
of a decrease in tester speed coupled with a measured increase in bearing tem-
perature. The observed speed change and temperature rise were similar to that
previously experienced with fractured cages, however, post test inspection of
the bearing did not reveal the cause of the temperature rise or speed decrease.
Because this cage material had fractured on two previous liquid fluorine tests
and because of the reduced scope, emphasis was shifted to testing the solid
material separators. Two one-hour tests were performed without difficulty
using separators of Berylco Nickel 440.
Steady state data from all three tests are tabulated in Table VIII.
Post test measurements are presented in Section VIII, together with a dis-
cussion of test results.
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VIII. TEST DATA ANALYSIS
A. MATERIAL EVALUATION TESTS
The intent of the Task I material evaluation tests was to establish
the relative order of the three cage-materials (Berylco Nickel 440, HyMu 80,
Rene' 41) in providing effective fluoride lubrication. No definitive pattern
in component wear was established, consequently no conclusion could be drawn
as to which cage material was best. A comparison of the cage ball pocket wear
scar minor axis measurements is given in Figures 14, 15 and 16 for the 400 Ib
(1779N), 800 Ib (3558N), and 1200 Ib (5338N) load series tests, respectively.
A comparison of the measured ball wear is given in Figures 17, 18, and 19 for
the three load series. The cage and ball wear were comparable at 7000 and
14,000 rpm but quite irregular at 20,000 rpm. Wear increased rapidly as speed
increased. As expected, cage wear was not affected by axial load and the ball
wear tended to increase with load.
Inner race wear measurements are tabulated in Table IX. The three
bearings with Rene1 41 cages which were located in the downstream tester posi-
tion show a trend of increasing inner race wear with load and this data is
plotted in Figure 20. However, the other inner race wear data shown on the
table show no such trend. In all cases the maximum wear depth was located at
a contact angle of approximately 40°.
An emission spectroscopy analysis of the deposits found on the
loaded inner races of several bearings from Task I showed only a minor amount
(less than 10%) of nickel present. The major metal constituent of the deposits
was definitely identified as iron. Both electron diffraction and X-ray diffrac-
tion techniques were used to further identify the compounds as FeF2 and
Fe2F5.7 H20 with traces of Fe304. The hydrate and iron oxide were undoubtedly
formed during the exposures to atmospheric conditions between the tests and the
analysis. Because of the similarity in defraction patterns of iron and nickel
fluorides and the large percentage of iron present, the exact nickel form could
not be identified.
An electron diffraction is shown on Figure 21 along with a 100,000
magnification of the raceway. The measured radii of the rings in Angstroms
(A) identify the compound by comparison with standard models. The X-ray dif-
fraction analysis was in complete agreement with the electron diffraction
analysis. A comparison of the measured radii and the standard Angstrom models
of FeF2 and F62F5.7 H20 is presented as Table X. Note that the major consti-
tuents were identified to be either of these two compounds. A "melt" was per-
formed during the electron diffraction analysis. This consisted of driving off
the 7 H20 molecules from the hydrate by increasing the power input of the high-
intensity electron beam. Then, only FeF2 crystals were left.
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Figure 21. Electron Diffraction of Iron-Fluoride Crystal
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TABLE X
COMPARISON OF CRYSTAL DEPOSITS
Standard
Model
(A)
4.885
4.773
.^585
4.319
3.832
3.710
3.513
3.326
3.245
3.025
2.864
2.789
2.609
2.507
2.419
2.144
2.063
1.921
1.889
1.831
1.755
1.683
1.662
Electron Defraction
^j-Jt-O
4.694.51
4.25
3.81
-
3.48
-
3.22
-
-
2.74
2.6o
2. 50
2.41
2.14
2.05
1.92
1.88
1.82
-
-
-
Data
Fe??
(A)
4.36
-
4.60
4.31
3.35
-
-
-
3-25
-
-
-
2.65
-
-
-
-
1.92
1.90
1.83
1.78
1.67
1.67
51
VIII, Test Data Analysis (cont.)
B. ONE-HOUR BEARING EVALUATION TESTS IN LIQUID FLUORINE
The incorporation of a ball unloading chute in the inner raceway
did not reduce ball wear. Post test cage ball pocket minor axis and ball diam-
eter reduction measurements are tabulated for all Task IV tests in Table XI.
Post test inner race wear measurements are tabulated in Table XII. A circle
around the test number indicates that the bearings in that test had ball
unloading chutes. A triangle around the test number indicates that axial
loading was lost completely on the upstream bearing and reduced to approxi-
mately 200 Ib (890N) on the downstream bearing sometime during the test.
A comparative plot of the cage and ball wear as a function of cage
material is shown in Figure 22. This plot includes the data from tests 17 and
25 which were terminated at 47 min and 55 min, respectively, but excludes all
data from the shorter duration tests. Therefore, all tests in which cages of
INCO 600, impregnated with Li/CaF2, were used also are excluded. As can be
seen, the data is inconsistent; however, it could be concluded that the ball
wear was less when using cages of sintered INCO 600 infiltrated with lithium
fluoride. The wear of the INCO 600 cages, regardless of impregnant, was
definitely greater than any of the solid material separators. When using
bearings with ball unloading chutes, two out of six (tests 22 and 25) LiF
infiltrated INCO 600 cages fractured axially across one ball pocket. A photo
of the cage from test 22 is shown in Figure 13. All of the tests conducted
with bearings incorporating sintered INCO 600 infiltrated with a mixture of
calcium fluoride-lithium fluoride were terminated because of indicated bear-
ing problems, erratic torque, and temporary outer race temperature rises. As
can be seen from Table XI, the cage wear experienced with this material was
large even for the very short durations.
Inner race wear was independent of the cage material. Outer race
wear measurements were not recorded primarily because of inspection equipment
problems. However, the absence of a ball wear track, compared to the visual
appearance of the inner race, indicated that outer race wear was negligible.
For equivalent load, speed, and duration, the inner race wear depth was nearly
the same regardless of cage material. The maximum wear depth measured was
near the inner ring land in all cases. The downstream bearing in test 13 was near
near failure. The balls had worn 0.010 inch (2.54 x 10-4 m) and the race wear
depth of 0.0065 in. (1.65 x 10~4 m) was measured at the raceway edge. Figure 23
is a plot of measured inner race wear versus contact angle for this bearing.
C. ONE-HOUR BEARING EVALUATION TESTS IN FLOX
Bearing ball and race wear were considerably less in 83.6% FLOX
than in liquid fluorine. Ball and cage wear measurements are tabulated in
Table XIII. Inner race wear measurements are tabulated in Table XIV. In two
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9 Bearing Angle - Degrees
Inner Race Wear vs Contact Angle - Test 13
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VIII, C, One-Hour Bearing Evaluation Tests in FLOX (cont.)
tests, 2 and 3, the bearings operated for the scheduled one-hour duration.
Comparing these data with the one-hour tests in liquid fluorine shows that
ball and race wear was approximately 25% of that experienced in fluorine. The
Berylco Nickel 440 ball pocket wear was comparable and is illustrated in Figure
24. As can be noted in the figure, metal particles generated by wear in the
cage ball pockets were sometimes quite appreciable in size.
Since load speed and bearing geometry were identical in both Task IV
and Task V tests, it is presumed that the mechanical parameters of the bearing
were identical, i.e., contact angle, surface compressive stress, cage rubbing
velocity, ball spin, etc., were the same for each test series. Therefore
"mechanical" wear, idealized as a function of rubbing velocity, load, and
the ball, race and cage materials should be identical. Velocities and
loads were maintained, however, the lubricating material formed may have
been different due to the presence of oxygen in the FLOX.
Either of two, opposite, wear mechanisms could be promoted by
different surface chemistry. On the one hand, the mixed iron oxy-halide salts
are known to be more volatile and, therefore, should be less adherent to the
base metal than iron difluoride. In this hypothesis, it is assumed that the
shear strength of the mixed salts is appreciably less than the iron difluoride
and, therefore, will wear away in increments each less than the thickness of the
total surface layer. However, the iron fluoride film being stronger does not
wear away in layers but is spalled away from the parent metal. The second wear
mechanism is based on the spalling removal of the entire fluoride film, the
thickness of which is dependent on the reaction rate of the test fluids with
the bearing ball/race material. Since FLOX is less reactive than liquid
fluorine (by dilution with oxygen), the rate of iron difluoride formation would
be reduced and, hence, less bearing wear.
Both mechanisms neglect the effect of metallic films transferred
from the cage to the ball/race contact area. Since the cage wear in FLOX was
comparable to that in liquid fluorine, it is assumed that the metalic fluorides
were transferred to the ball/race contact area at the same rate. Then a
corollary to this assumption is that the fluorides of the cage material are not
the controlling lubrication factor. Metal fluorides did provide effective
lubrication in the NASA seal work (Ref 4) at a sliding velocity of 2300 fpm
(11.7 m/sec) and contact face pressure of 2 psi (13.8 x 10^ N/m^). Therefore
one must look at the differences between the seal and bearing testing. First
the bearing sliding velocities were about three times the seal sliding velocity.
Second, the ball-to-race contact loading was approximately 75,000 times the seal
contact pressure. Third, the ball spin is unique to the ball bearing.
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Figure 24. Ball Pocket Wear Scar, Berylco Nickel 440,
Task IV Test 2 in FLOX
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VIII, Test Data Analysis (cont.)
D. PRACTICAL CONSIDERATIONS OF THE TEST RESULTS
Successful operation of bearings in a test program and adequate
bearing performance in a rocket engine turbopump are not necessarily synonymous.
First, duplication of operating conditions is unlikely. Second, in a test pro-
gram, successful operation is often interpreted as meaning no fatigue or cage
failure resulting in bearing lockup. The wear life of a bearing is not defined.
Data from this program has demonstrated that the bearings can function despite
a large amount of wear. Wear of the degree experienced probably would be un-
acceptable for bearings supporting a high speed rotor because of the increased
whirl forces and change in critical speed resulting from the increased bearing
clearance.
Figures 25, 26 and 27 show the variation in operating contact angle,
axial play and radial spring rate of the Task II bearing design as a function of
ball wear. These curves neglect the influence of race curvature change (which
would almost double the clearance), since the intent is illustrative. The ball
wear alone measured after the one-hour-duration Task IV tests could cause con-
tact angle changes of 10° to 30° and a decrease in spring constant of 600%.
Typical rotor dynamics are illustrated in Figure 28 as a function of bearing
spring constant. Since most lightweight turbopumps require operation in the
"flexible mounting operation" zone, or close to the "knee" of the curves, 600%
bearing stiffness variations obviously cannot be tolerated. Even smaller (10% -
20%) increases in clearance could produce drastic changes in bearing spring rate
and critical speed margin.
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IX. TESTER, TEST SETUP, AND TEST PROCEDURES
A. TESTER AND SETUP
The bearing tester and drive unit is shown installed in the test
setup in Figure 29. Power from the turbine drive unit, shown in Figure 30,
was transmitted to the test bearing shaft through a flexible, disc-type,
coupling. This coupling physically separated the oil-lubricated drive assembly
from the cryogenic bearing tester and allowed for thermal expansion of both the
hot and cold assemblies without restraint.
The bearing tester, which is shown in Figure 31, was designed so
that the test bearings and shaft assembly could be easily removed as a
cartridge. This permitted all of the test plumbing, mounting structure and
instrumentation to remain intact. The tester and turbine drive assembly
alignment also remained undisturbed. This test bearing exchange feature
permitted rapid "turn-around" of the test hardware.
The test bearing-shaft cartridge slipped into an inner housing
which, in turn, was mounted on a large trunion bearing (see Figure 31). Test
bearing torque was transmitted from the inner housing via a rod to an externally
mounted load cell. This torque readout system was selected over other types
because it was independent of plumbing and other instrumentation. Also, it
required no heavy slip ring assemblies. Unfortunately, it was not known that
fluoride salts would build up in the trunion bearings and would interfere with
the torque reading. In fact, these salts eventually eliminated any reading
other than a bearing failure reading. It was discovered that the fluoride salt
buildup was sensitive to flow velocity; there was little or no salt buildup
in close clearance, high flow velocity areas, while there was heavy salt
buildup in larger low flow velocity areas such as the trunion bearing cavities.
Consequently, torque readings had to be disregarded and the system became a
failure monitoring system.
Both the torque rod and the tester input shaft openings incorporated
non-contacting labyrinth seals that were purged with helium gas to prevent
fluorine leakage. The input shaft labyrinth seal system also had an outer
nitrogen gas purged area to minimize the external leakage of helium from the
inner purged area. The labyrinth purge seal arrangement was used to eliminate
any problems that might have occurred with the use of an undeveloped rubbing
contact sealing system. Also, rubbing contact seals would have added parasitic
drag which would have decreased torque readout sensitivity.
The bearings were axially loaded by a piston that was pressurized
by the liquid fluorine. The load was a function of the pressure differential
across the piston (liquid fluorine supply pressure less the test bearing cavity
pressure). This differential, and thus the bearing coolant flow rate, was
controlled by an orifice in the piston. The load was transmitted through the
first test bearing into the shaft and then through the second test bearing into
the inner housing. The first bearing load was equal to the piston area times
the piston AP. The second bearing load was higher by an amount equal to the
shaft area times the bearing cavity pressure.
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IX, A, Tester and Setup (cont.)
The tester was equipped with a liquid nitrogen jacket which was
installed in series with the piping jacket. Prechilling the tester and
associated piping prevented excessive vaporization of the liquid fluorine
during the initial tester bleed-in. The liquid nitrogen chill was maintained
during the entire test.
The liquid fluorine flow for bearing cooling was controlled by a
removable orifice in the load piston and the pressure differential across this
orifice. Parasitic flow around the load piston was minimized by reducing the
piston housing clearance. This clearance was decreased from 0.006 to 0.002 in.
(15.24 x 10~5 to 5.08 x 10~5 m) at the completion of the Task I material evalua-
tion tests. The change made possible an increased run duration for the Task IV
and Task V tests.
The propellant system consisted of a conventional pressure-fed
flow loop with triple-wall run and catch vessels. Liquid fluorine flowed from
a 1000 gal (3.785 m3) run tank through the bearing tester to a 1000 gal (3.785 m3)
catch tank. A charcoal pit burner was utilized to burn off all fluorine gases
vented from the catch tank during a test and purged from the flow loop after a
test. A schematic of the test setup is shown in Figure 32.
B. TEST AND POST TEST PROCEDURES
The following sequence was followed for installation, test, and
inspection:
The bearing tester was cleaned prior to installation and
passivated with gaseous fluorine prior to the first test
in each task. A gaseous nitrogen purge was maintained
at all times that the tester was on standby.
The assembled test bearing shaft was cleaned and then
passivated with gaseous fluorine in accordance with the
approved procedure. A separate passivation chamber was
provided for this purpose.
The shaft subassembly was installed into the tester
assembly. Clean polyethylene gloves were used by all
personnel when handling the passivated shaft. In
addition, the shaft was placed in a polyethylene bag to
maintain cleanliness and minimize exposure to the moisture
from the air.
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IX, B, Test and Post Test Procedures (cont.)
A pretest leakage check was performed at 50 psig
(3.45 x 10^ N/m2) using gaseous helium as the pressurant.
Leakage was not to exceed a 5 psi (3.45 x 10^ N/m2) pressure
decay in 15 minutes. If the leakage exceeded this value, the
cavity between the double seals was purged with gaseous
helium at a pressure fy 15 psi (10.34 x 10^ N/m ) greater
than the fluorine or the seals were replaced.
Gaseous fluorine was bled into the tester assembly. An
approved pressure time schedule was followed to ensure
additional passivation during the bleed-in process.
Locate wear areas in the cage pockets to determine
operating dynamics.
Make wear scar determination of each cage.
Remeasured the ball diameters.
Obtain micrographs of distressed areas to provide a
permanent record of the material surface condition.
Dye penetrant inspect balls and races.
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X. CONCLUSIONS AND RECOMMENDATIONS
A. CONCLUSIONS
1. Bearing wear to the degree experienced during the one-hour
tests in liquid fluorine would not be acceptable for a
reusable rocket engine turbopump.
2. None of the ball separator materials tested provided
effective lubrication.
3. Bearing wear in fluorine was both chemical and mechanical.
4. Bearing wear was not reduced by a ball unloading chute.
5. Ball bearing wear was less in 82.6% FLOX than in liquid
fluorine.
6. Bearing failures in fluorine are possible without
catastrophic results if shutdown is rapid enough.
B. RECOMMENDATIONS
1. Harder race and ball materials, such as carbides, should
be considered for longer wear life.
2. Noncontacting hydrostatic bearings should be considered
as an alternative bearing for turbopumps operating in
liquid fluorine.
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